In many intracellular symbioses, the microbial symbionts provide nutrients advantageous to the host. However, the function of Hamiltonella defensa, a symbiotic bacterium localized in specialized host cells (bacteriocytes) of a whitefly Bemisia tabaci, is uncertain. We eliminate this bacterium from its whitefly host by two alternative methods: heat treatment and antibiotics. The sex ratio of the host progeny and subsequent generations of Hamiltonella-free females was skewed from 1 : 1 (male : female) to an excess of males, often exceeding a ratio of 20 : 1. B. tabaci is haplodiploid, with diploid females derived from fertilized eggs and haploid males from unfertilized eggs. The Hamiltonella status of the insect did not affect copulation frequency or sperm reserve in the spermathecae, indicating that the male-biased sex ratio is unlikely due to the limitation of sperm but likely to be associated with events subsequent to sperm transfer to the female insects, such as failure in fertilization. The host reproductive response to Hamiltonella elimination is consistent with two alternative processes: adaptive shift in sex allocation by females and a constitutive compensatory response of the insect to Hamiltonella-mediated manipulation. Our findings suggest that a bacteriocyte symbiont influences the reproductive output of female progeny in a haplodiploid insect.
Introduction
Maternally inherited microorganisms occur widely among insects and other arthropods [1] . Many of these microbial symbionts promote insect fitness by providing essential nutrients and by conferring ecologically important traits, such as protection against natural enemies and tolerance of extreme abiotic conditions [2, 3] . Vertical transmission ensures that the host progeny has access to the beneficial symbiont in their parent and also promotes symbiont traits that are advantageous to the host through overlap in the selective interest of host and symbiont [4] . Nevertheless, an important source of conflict remains: that the maternally inherited microorganisms favour female offspring because their fitness is linked to the fitness of the female sex; obligately maternally inherited microorganisms in males die with their host [5] . Various bacterial taxa (including Wolbachia) that manipulate host sex ratio are known and four mechanisms of reproductive manipulation have been identified: male-killing, feminization, induction of parthenogenesis and cytoplasmic incompatibility [5, 6] .
This study concerns the maternally inherited bacterial symbionts in whiteflies, focusing on a member of the Bemisia tabaci species complex informally known as Middle East-Asia Minor 1 (MEAM1), which is a globally important agricultural pest [7] . All whiteflies studied to date, including B. tabaci, display arrhenotokous haplodiploidy (i.e. fertilized egg develops into a diploid female and unfertilized egg develops into a haploid male). Members of the B. tabaci species complex harbour an obligate bacterial symbiont 'Candidatus Portiera aleyrodidarum' (hereafter Portiera), also known as the primary symbiont, within specialized insect cells, known as bacteriocytes [1, 8] . B. tabaci species bear one or more additional bacteria [9] [10] [11] [12] . In particular, 'Candidatus Hamiltonella defensa' (hereafter Hamiltonella) is co-localized with Portiera in the bacteriocytes and has a very high prevalence in MEAM1 and some other whiteflies in the B. tabaci species complex [13] [14] [15] [16] [17] . The Hamiltonella in these whiteflies is the sister group of bacteria, also known as Hamiltonella defensa, in aphids and psyllids [18] . The Hamiltonella in aphids provides the ecologically important function of conferring protection against parasitoids [2] , probably mediated by phage-borne toxins, but can be costly to the aphid host under parasitoid-free conditions, suggesting that it does not promote aphid nutrition [19] . The significance of Hamiltonella in whiteflies is not well understood. A protective role is unlikely, as the genome of whitefly-associated Hamiltonella lacks toxin genes [20] . All Hamiltonella isolates (from both whiteflies and aphids) with sequenced genomes have the genetic capacity to synthesize five B vitamins and two essential amino acids, raising the possibility of a nutritional role [21] , but metabolic modelling suggests that, as for aphids, the whitefly-associated Hamiltonella may be costly to the insect host [22] .
The purpose of this study was to investigate the biological processes underlying the candidate relationship between Hamiltonella and host sex ratio in B. tabaci MEAM1. Our experimental strategy was to compare the traits of whiteflies containing and experimentally deprived of Hamiltonella. This approach requires particular attention to exclude effects mediated by disruption of other microbial partners or direct effects of the treatment on the insect host. For example, the antibiotic rifampicin used in some studies to remove Hamiltonella from whiteflies is now known to disrupt Portiera, resulting in the collapse of the whitefly colony [23, 24] . This has cast doubt on various putative effects of Hamiltonella inferred from rifampicin studies, including effects on whitefly-mediated transmission of plant viruses [25] and whitefly sex ratio [23, 26] . To address these concerns, this study adopted two mechanistically different methods to eliminate Hamiltonella: heat treatment, exploiting the higher thermal sensitivity of Hamiltonella than the other bacterial symbionts [27] ; and treatment with an antibiotic cocktail that has previously been used to eliminate Hamiltonella, but not the primary symbiont Buchnera aphidicola, in aphids [28] . Combining these independent methods to eliminate Hamiltonella from their B. tabaci hosts with the availability of related species in the B. tabaci complex that naturally lack Hamiltonella, we were able to establish robust criteria to identify the significance of Hamiltonella for its whitefly hosts. Specifically, biological effects can be attributed to Hamiltonella where the consequences of eliminating Hamiltonella by heat and antibiotic treatments are equivalent, and not displayed by whitefly species naturally lacking Hamiltonella and subjected to the same treatment. The whitefly system is not compatible with the complementary experimental strategy, to re-infect Hamiltonella-free whiteflies with isolated Hamiltonella cells administered by injection or feeding, probably because the Hamiltonella population is restricted to bacteriocytes.
Here we report that selective elimination of Hamiltonella by thermal stress and antibiotic treatment results in a malebiased sex ratio for B. tabaci MEAM1, probably mediated by perturbation associated with egg fertilization. We discuss the underlying processes in the context of the haplodiploid sex determination mechanism of whiteflies, current understanding of the putative nutritional role of the bacterial symbionts and host-symbiont conflict over host sex ratio.
Material and methods
For further details of (a) to (g) below, see the corresponding sections under 'Material and methods' in the electronic supplementary material.
(a) Whitefly cultures and plants
The whitefly B. tabaci MEAM1, Asia II 1 and Asia 1 species were collected in Rui'an, Jiande, Zhejiang Province and Honghe, Yunnan Province, China from 2008 to 2010, and cultured in separate climatic cubicles on cotton plants (Gossypium hirsutum, cv. Zhe-Mian 1793) at 26 ± 1°C, 14 : 10 L : D (light 6.00-20.00 h) and 60-80% relative humidity. Prior to the commencement of experiments, the presence/absence of the eight known symbionts in whiteflies of the B. tabaci complex was determined for the culture of each of the three whitefly species using specific PCR primers targeting the 16S rRNA gene or 23S rRNA gene and their sequences (electronic supplementary material, table S1) and the protocol of Bing et al. [17] . Specifically, we identified the primary symbiont Portiera in all of the three species of B. tabaci, and secondary symbionts Hamiltonella and Rickettsia in the culture of MEAM1 species and Wolbachia, Arsenophonus, Hemipteriphilus in the culture of Asia II 1 and Asia 1 species (electronic supplementary material, figure S1 ).
(b) Effect of heat treatment on symbionts and host reproduction
To establish Hamiltonella-free whitefly lines, we treated whitefly adults with moderate elevated temperature, following the procedure of Shan et al. [27] . A culture of MEAM1 whiteflies (designated generation F0) at 0-7 days post-emergence reared at 26°C was divided into two groups. One group was treated at 40°C (heat-treated, HT) and the other was treated at 26°C (control, CK) for 3 days. Then heat-treated and control whiteflies were transferred to fresh cotton plants at 26°C and reared for up to five generations (hereafter referred to as heat-treated lines F0-F5).
(c) Effect of antibiotic treatment on symbionts and host reproduction
We also specifically eliminated Hamiltonella by treating whitefly adults with a cocktail of antibiotics that have been used successfully to remove this symbiont from the pea aphid [28, 29] . Hundreds of adult whiteflies (F0, 0-7 days after emergence) were fed on 25% sucrose solution (w/v) supplemented with the antibiotics ampicillin, gentamycin and cefotaxime (BBI Life Sciences, Shanghai, China), each at 500 µg ml −1 , for 4 days, and the artificial diets containing antibiotics were renewed every 2 days. Control insects were administered sucrose solution without antibiotics. Following the diet treatments, the whiteflies were transferred to cotton plants.
(d) Survivorship of immature stages
To examine whether the adult sex ratio would be affected by the differential survival of males and females during the development of immature stages, the survivorship of Hamiltonella-cured and control MEAM1 whiteflies was observed.
(e) Observation of mating events
We used a video camera recording system (Sony, Tokyo, Japan) to observe the copulation events of whiteflies in leaf-clip cages royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191677 attached to cotton plant leaves, following the method of Ruan et al. [30] . Briefly, one newly emerged female and male were introduced into the leaf-clip cage and the mating behaviour was recorded continuously for 72 h at 26 ± 2°C, L : D 14 : 10 h (light 06.00-19.59, dark 20.00-05.59) and 50 ± 20% relative humidity. We conducted three treatments with F1 adults from the heat-treated line (HT), antibiotic-treated line (AT) and control (CK).
(f ) Sperm detection in spermathecae and eggs
Sperm was detected in spermathecae and newly deposited eggs of Hamiltonella-cured and control MEAM1 whiteflies by staining sperm heads with 4 0 ,6-diamidino-2-phenylindole (DAPI). Stained sperm heads were viewed under a Zeiss LSM780 confocal microscope (Zeiss, Jena, Germany).
(g) Localization of symbionts
Two methods were used including fluorescence in situ hybridization (FISH) and transmission electron microscope (TEM) to investigate the localization of the Portiera and Hamiltonella. For details of the observations using FISH and TEM, see electronic supplementary material.
(h) Statistical analysis
Statistical significance was evaluated using one-way analysis of variance (ANOVA): Fisher's least significant difference (LSD) tests were applied to the data for symbiont densities, whitefly performance and copulation, and Dunnett's test was applied to the data for survivorship of immature stages by comparing each treatment (CK unmated, HT, AT) to the control (CK). All the data analyses were performed using SPSS 20.0 (SPSS Inc., Chicago, IL, USA).
Results
(a) Effect of Hamiltonella elimination by heat stress on host reproduction
In the first experiment, we used moderate heat stress to remove Hamiltonella selectively from whiteflies of a MEAM1 culture that harboured Portiera, Rickettsia and Hamiltonella in all individuals (electronic supplementary material, figure S1a). After heat stress, the abundance of Hamiltonella was gradually reduced to a very low level in the female adults of F0 and then to less than 0.1% of the controls (i.e. undetectable or barely detectable by our method) in both females and males from F1 to F4 (figure 1a; electronic supplementary material, figures S2 and S3). The abundance of Portiera was significantly reduced after heat treatment in the female adults of F0 but partially recovered in F1 and fully recovered from F2 to F4 in both females and males (figure 1a; electronic supplementary material, figures S2 and S3). By contrast, the abundance of Rickettsia did not differ significantly between the control (CK) and HT treatments in all generations from F1 to F4 (figure 1a; electronic supplementary material, figure S3 ), although it was significantly reduced after heat stress in the females of F0 (electronic supplementary material, figure S2 ).
To investigate whether the elimination of Hamiltonella affects the sex ratio of the insects, four mating treatments using F1 whiteflies and two mating treatments using F2-F4 whiteflies were conducted. The Hamiltonella-free female whiteflies in F1 produced a very low percentage of female offspring, compared with uncured females (figure 1b), irrespective of the Hamiltonella status of the males. The skew to male-biased sex ratio was also observed in the offspring of Hamiltonella-free females of F2-F4 (figure 1b).
To further investigate the relationship between depletion of Hamiltonella by thermal stress and the sex ratio of the whitefly host, we repeated the experiments with the duration of elevated temperature reduced to 2 days. This treatment resulted in the depletion of Hamiltonella in F1 female adults in 2 of the 10 replicates, and the whiteflies in these two replicates produced few female adults in F2. For the remaining eight replicates with a higher abundance of Hamiltonella, the sex ratio of the offspring (F2) was unaffected (electronic supplementary material, figure S4 ). The association of altered host sex ratio with depletion of Hamiltonella in this experiment is consistent with the hypothesis that the sex ratio is related to the Hamiltonella status of the insects and is not a direct response to the thermal stress.
(b) Effect of Hamiltonella elimination by antibiotic treatment on host reproduction
As a further test of our hypothesis that the elimination of Hamiltonella affects the sex ratio of the whitefly, we investigated the effect of an antibiotic treatment that selectively reduced the abundance of Hamiltonella on the reproductive output of the whitefly. We reasoned that if the altered sex ratio in the heat-treated whitefly was caused by thermal stress, then the sex ratio would not be altered in the antibiotic-treated insects; and if it was caused by depletion of Hamiltonella, then the antibiotic treatment would increase the proportion of male in the whitefly population. The antibiotic treatment resulted in the specific depletion of Hamiltonella from both females and males of F1 (figure 2a; electronic supplementary material, figure S5), and the abundance of Portiera and Rickettsia was not significantly reduced (figure 2a; electronic supplementary material, figure S5 ). To investigate the effect of Hamiltonella on sex ratio, all four combinations of mating between antibiotic-treated and untreated F1 adults were conducted, and the total number of insects and proportion of females in the F2 were determined. The female whiteflies of F1 that were cured of Hamiltonella produced a very low percentage of female offspring, compared with females without the antibiotic treatment; but the Hamiltonella status of males had no significant effect on the sex ratio of the offspring (figure 2b). Interestingly, a few female whiteflies of F1 in the antibiotic treatment still harboured Hamiltonella and the sex ratio of their offspring (F2) was similar to that of uncured female whiteflies (figure 2b). In addition, the total number of offspring of Hamiltonella-free female whiteflies in F1 was not significantly reduced compared with that of uncured whiteflies (figure 2c).
To investigate the direct effect of the antibiotic treatment on whitefly reproduction, we applied the antibiotic treatment to two additional B. tabaci species, Asia 1 and Asia II 1, which naturally lack Hamiltonella (electronic supplementary material, figure S1b,c). The symbionts that the two species harboured were barely affected by the antibiotic treatment, except that the abundance of Hemipteriphilus in Asia I was significantly reduced (electronic supplementary material, figure S6a,d). Both the sex ratio and the number of offspring in the two species were likewise unaffected by the antibiotic treatment (electronic supplementary material, figure S6b,c,e,f ), suggesting that the antibiotics used in this study had little, if any, direct negative effect on whitefly reproduction.
royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191677 (c) Effect of Hamiltonella elimination on survival during immature stages of females and males
We reasoned that the male-dominated sex ratio in whitefly cured of Hamiltonella could be caused by either reduced survival of female progeny or a shift in sex allocation to males.
Hamiltonella-mediated promotion of female survivorship (but not a change in sex allocation) would be evident as a reduction in the viability of eggs deposited by Hamiltonellacured females or their survival from nymph to adulthood. Compared to the control (CK), the number of eggs produced For cross experiments in F1, each replicate had 10 female and 10 male adults reared together to mate and oviposit for 10 days, and for F2-F4, 1-10 pairs of adults and each of the two treatments had only four to eight replicates due to the extreme reduction of females since F2. CK: control; HT: adult whiteflies were exposed to 40°C for 3 days in F0 and reared at conditions of the control thereafter. The data are mean ± s.e.m., and the asterisks or different letters above the data columns indicate significant differences at 0.05 level. (*p < 0.05, **p < 0.01, ***p < 0.001, n.s., not statistically significant; one-way ANOVA followed by LSD test for multiple comparisons). (For symbiont status in males, see electronic supplementary material, figure S3 ).
royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191677 by F1 unmated (CK) females and Hamiltonella-cured AT females did not differ significantly, while the number of eggs produced by F1 HT females was reduced significantly ( figure 3a) . Subsequently, the egg viability did not differ significantly between control females and females cured of Hamiltonella by antibiotic or heat treatments, all reaching over 90% in all treatments (figure 3b). Likewise, the survival of the resultant F2 nymphs to adulthood did not vary significantly among the four treatments, all within the range of 74-80% (figure 3c). However, the sex ratios of the adults varied substantially among the four treatments; while the proportion of females in the CK was about 50%, those of HT and AT were only 0.5-2.0%, close to that of unmated CK where no females were produced as expected (figure 3d).
(d) Whitefly mating and sperm transfer
We reasoned that, because B. tabaci displays arrhenotokous haplodiploidy, the reduced female ratio in the offspring of Hamiltonella-free insects could be due to perturbation of mating or sperm transfer. Contrary to these predictions, F1 adults (i.e. offspring of the insects subjected to either heat or antibiotic treatment) displayed no significant reduction in mating events (figure 4a), and sperm was detected in the spermatheca of the female insects following copulation ( figure 4b-d) . Sperm was also regularly observed on or close to mature oocytes produced by F1 adults of each of the three treatments (electronic supplementary material, figure S7a-c). These data indicate that the reduction of female progeny produced by Hamiltonella-free adults (figures 1b and 2b) was unlikely to be due to lack of sperm but likely to be associated with events subsequent to sperm transfer to the female insects, such as failure in fertilization.
(e) Microscopical localization of the bacterial symbionts in the whitefly FISH analyses identified Hamiltonella and Portiera exclusively in bacteriocytes that were freely distributed in the body cavity and associated with mature ovarioles of control female whiteflies but not in the testes of control male whiteflies royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191677 ( figure 5a-c,f ) . By contrast, bacteriocytes in F1 whiteflies derived from heat or antibiotic-treated insects were fully occupied by Portiera but contained no detectable Hamiltonella ( figure 5d,e,g,h) . We further observed the ultrastructure of symbionts in bacteriocytes of control whiteflies and F1 whiteflies following heat treatment and antibiotic treatment. Consistent with the qPCR and FISH data, in the control whiteflies both Hamiltonella and Portiera were exclusively located inside bacteriocytes and Rickettsia were distributed outside of the cells (figure 5i), while in both heat and antibiotic-treated whiteflies, no Hamiltonella was detected in bacteriocytes and the other two symbionts have the same distribution patterns as those of control whiteflies (figure 5j,k).
Discussion
Our key finding is that the offspring and subsequent generations of whiteflies experimentally deprived of Hamiltonella by either thermal stress or antibiotic treatment have a strongly biased sex ratio, with an excess of males (generally in excess of 95% of progeny) compared with untreated insects with 40-50% male progeny. In this discussion, we consider alternative explanations for this finding: specifically, the precise control that females of species with arrhenotokous haplodiploidy can exert over the sex of individual offspring; and the variation of host sex ratio caused by the presence/ absence of maternally inherited microorganisms.
An excess of male offspring has been reported in many studies of haplodiploid insect species and frequently linked to constraints on the availability of sperm in the spermatheca of the female insect [31] . The absence of sperm can arise from a failure to mate and/or transfer sperm to the spermatheca during mating, and the reservoir of sperm of the spermatheca can become depleted over time after mating [32] . For whiteflies, high mating frequency ( possible high availability of sperm) has been reported to attribute to the female ratio of the insects [33] . Sperm limitation does not, however, provide an adequate explanation for the excess of male offspring produced by whiteflies lacking Hamiltonella because these insects do not display reduced copulation rates, and sperms are readily detectable in the spermatheca of females after copulation ( figure 4a-d) .
A different explanation for the excess of male offspring in Hamiltonella-cured whiteflies is that the female exerts adaptive control over the offspring sex ratio. In many insects, including whiteflies, females are larger than males, and probably more costly to produce. For these species, a sex allocation bias is predicted towards female offspring under favourable conditions and towards male offspring under unfavourable conditions [34] [35] [36] [37] . By this reasoning, Hamiltonella-free female whiteflies are expected to produce proportionately more male offspring, even when sperm availability is not limiting, if the vigour of the insect is reduced by the elimination of Hamiltonella. The implication In each replicate of unmated CK, a female was allowed to oviposit for 7 days, and in each replicate of CK, HT and AT, a female and a male were allowed to mate and oviposit for 7 days. The data are mean ± s.e.m., and the asterisk indicates significant differences compared with CK by Dunett's test at 0.05 level. (n.s., not statistically significant, *p < 0.05, ***p < 0.001).
royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191677 of this reasoning is that Hamiltonella may provide products that are otherwise limiting for the production of 'costly' female offspring, for example, specific products that mediate fertilization, or limiting nutrients required in greater amounts by female than male progeny. These considerations relate directly to the current uncertainty about whether and how Hamiltonella may contribute to whitefly nutrition (see Introduction). Specifically, Hamiltonella depresses both asexual population increase in aphids [19] and biomass increase (i.e. somatic growth) in metabolic models of whiteflies [22] , and these data suggest that the male-dominated sex ratio of Hamiltonella-depleted whiteflies is unlikely to be attributable to a generalized reduction in insect vigour. These data do not, however, exclude the possibility that Hamiltonella may provide specific nutrients or other factors that are required for sexual fertilization. This possibility could be tested by analysis of the effect of dietary supplements on the sex ratio of eggs generated by Hamiltonella-depleted insects. An alternative set of explanations for the observed effect of Hamiltonella on the sex ratio of the insect host relates to the fitness of the bacterium. Reproductive parasites that skew host sex ratio are well known, and they are readily identified by a change in the sex ratio of host individuals following removal of the microorganism. The increased proportion of males in B. tabaci following the elimination of the maternally inherited Hamiltonella raises the possibility that Hamiltonella may be acting as a reproductive parasite. To address this possibility, we consider whether our results match predictions for the known modes of reproductive manipulation [5, 6] .
The elimination of a microorganism that kills male hosts results in increased egg viability [5] . Our data are not compatible with this expectation, indicating that Hamiltonella in whiteflies is not acting as a male-killer. Specifically, the viability of eggs produced by both whiteflies harbouring Hamiltonella and F1 Hamiltonella-free females (the offspring of whiteflies that are heat-treated or antibiotic-treated to remove Hamiltonella) was consistently greater than 90% and the survival rates from nymph to adult emergence were similar between progeny produced by Hamiltonella-bearing and Hamiltonella-free females, despite significant differences in the sex ratio of their progeny ( figure 3b-d) .
The classic mode of reproductive manipulation in haplodiploid arthropods is the induction of parthenogenesis, whereby the chromosomes in the unfertilized eggs are duplicated, generating a homozygous female [5] . Wolbachiainduced parthenogenesis has been demonstrated in various haplodiploid taxa, including hymenopteran parasitoids, phytophagous mites and thrips [38] [39] [40] . However, genetic analyses have demonstrated unambiguously that females of B. tabaci MEAM1 bearing Hamiltonella are the product of sexual reproduction (i.e. they bear maternal and paternal n = 6 a n = 9 a n = 6 10 mm 10 mm 10 mm royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191677 genetic markers in the predicted Mendelian ratios [41] ), indicating that Hamiltonella does not induce parthenogenesis at detectable rates in B. tabaci. Similarly, Hamiltonella-mediated feminization is incompatible with the evidence that the ratio of male : female (figure 1) is comparable in the control insects bearing Hamiltonella. A related possibility is that Hamiltonella produces a feminizing factor that functions in diploid embryos, with the implication that Hamiltonella elimination would generate diploid males. Although this possibility cannot be excluded formally, we consider it most unlikely in the context of strict haplodiploidy, with no reports (to our knowledge) of diploid males in any whitefly species.
Two maternally inherited bacteria, Wolbachia and Cardinium, are known to mediate cytoplasmic incompatibility, and this mode of reproductive manipulation is widespread in insects [42, 43] , including haplodiploid taxa [44] [45] [46] [47] . Cytoplasmic incompatibility in Drosophila (and probably all insects) is believed to be mediated by a toxin-antidote system [42, 48] . In the absence of the Wolbachia antidote in the egg, the paternal chromosomes display delayed condensation at the first mitotic division of the zygote, and the subsequent fragmentation and loss of the chromosomes result in a haploid maternal chromosome complement [49] . Consequently, cytoplasmic incompatibility in haplodiploid species causes an excess of haploid males in crosses between infected males and uninfected females. However, the malebiased sex ratio in the Hamiltonella-free female whiteflies does not fit this prediction of cytoplasmic incompatibility, royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191677 because this trait is displayed whether or not the male partner bears Hamiltonella (figure 1b and 2b) .
The male-biased sex ratio of Hamiltonella-free B. tabaci may, however, be an evolutionary response of the host to a microorganism capable of reproductive manipulation. Specifically, the ancestral Hamiltonella that colonized B. tabaci may have favoured a female-skewed host sex ratio, selecting for host suppression of this manipulation. If the host compensates for the Hamiltonella-mediated skew to females, that means that there is no skew observed. If the host suppression was constitutive (i.e. mediated independent of the presence of the parasite), experimental elimination of the microorganism would result in over-compensation and an excess of males. There is a precedent for invoking constitutive host compensatory responses to explain the effects of eliminating maternally inherited microorganisms from insects. Specifically, our hypothesis parallels the evidence that, in the relationship between the parthenogenesisinducing Wolbachia and the parasitic wasp Asobara tabida, host suppression of the anti-apoptotic effect of Wolbachia results in excessive apoptosis and reproductive sterility of wasps experimentally deprived of Wolbachia [50] .
Among the multiple symbiotic microorganisms of the B. tabaci species complex, Rickettsia has been reported to promote female bias in a MEAM1 whitefly line [51] , while this phenotype can shift with the variation of host populations that probably differ in genetic background [52, 53] . In the symbiosis of Rickettsia and MEAM1 whitefly in this study, the bacterium was unlikely to be implicated as a reproductive manipulator in consideration of the moderate sex ratio in the Rickettsia-bearing whitefly of the control line ( figure 1b and  2b ). In addition, some symbionts such as Hamiltonella were mostly found in MEAM1 and a subset of the MED species informally known as Q1 biotype, while Arsenophonus and Wolbachial have high prevalence in some other B. tabaci, such as the Q2 and Q3 of MED species and some indigenous species including Asia 1 and Asia II 3 in this study [13] [14] [15] [16] [17] 54, 55] , as well as some other whiteflies Aleurodicus dispersus, Aleurodicus floccissimus and Trialeurodes vaporariorum [56] . Whether the phylogenetically distinct cosymbionts in other species of the B. tabaci complex influence the sex allocation of their insect hosts is not yet known.
Taken together, our data show that the elimination of the Hamiltonella symbiont from a whitefly species of the B. tabaci complex causes the reduction of egg fertilization resulting in male-dominated offspring. Our results are compatible with two alternative interpretations: an adaptive allocation to less costly male offspring in the absence of Hamiltonella provisioning of specific products that are otherwise limiting for reproduction; and a constitutive compensatory response of the whitefly to manipulation by Hamiltonella towards a female-biased sex ratio. Testing these hypotheses will require further research, particularly on the incidence of reproductive manipulation by Hamiltonella and related bacteria in other insects, and the metabolic interactions between Hamiltonella and its whitefly host. Overall, a greater understanding of the incidence of this effect across different microbial symbionts, both in whiteflies and in other haplodiploid insects, would contribute to our understanding of the selective factors influencing the impacts of different maternally inherited symbionts on host traits.
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